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In 1961, the satellite cell was first identified when electron microscopic examination of skeletal muscle
demonstrated a cell wedged between the plasma membrane of the muscle fiber and the basement
membrane. In recent years it has been conclusively demonstrated that the satellite cell is the primary cellular
source for muscle regeneration and is equipped with the potential to self renew, thus functioning as a bona
fide skeletal muscle stem cell (MuSC). As we move past the 50th anniversary of the satellite cell, we take this
opportunity to discuss the current state of the art and dissect the unknowns in the MuSC field.Introduction
The observation that skeletal muscle has the capacity to regen-
erate after injury was well documented bymicroscopic examina-
tion in the mid-19th century, primarily in German literature
(Scharner and Zammit, 2011). Still, the cellular basis of this
regenerative potential remained elusive for a century until 50
years ago when Alexander Mauro detected a mononucleated
cell, which he termed a ‘‘satellite cell,’’ closely apposed to
mature myofibers in electron micrographs of skeletal muscle
(Mauro, 1961).Without any functional evidence, he hypothesized
that this could represent a kind of muscle progenitor cell akin to
those present in the developing embryo, capable of forming new
muscle in response to injury. This turned out to be a very accu-
rate prediction: five decades of research on satellite cells have
demonstrated that they have the characteristics that Mauro
surmised. In modern parlance, the satellite cell is considered
a muscle stem cell distinguished from the plethora of adult
tissue-specific stem cells that have been described by the fact
that it was identified anatomically before it was characterized
functionally; most adult stem cells have been first demonstrated
to exist in functional assays, which are then followed by a hunt
for the cells histologically.
The history of the satellite cell has been the subject of several
recent reviews (Scharner and Zammit, 2011; Yablonka-Reuveni,
2011), and the regulation and contribution of satellite cell
progenitors during lineage progression, differentiation, and
contribution to muscle repair has also been extensively docu-
mented (Charge´ and Rudnicki, 2004; Wang and Rudnicki,
2012; Zammit et al., 2006). In this review, we focus on the current
status of satellite cell research through the lens of stem cell
biology. We highlight recent studies illustrating that satellite
cells are essential for maintenance of the stem cell pool and
repair of the differentiated muscle tissue in which they reside.
In addition, we discuss the properties that satellite cells possess
in commonwith other stem cell populations and themechanisms
that regulate satellite cell functions.504 Cell Stem Cell 10, May 4, 2012 ª2012 Elsevier Inc.Satellite Cell Identification and Stem Cell Properties
After anatomical identification of satellite cells in 1961, their
behavior in response to growth and regeneration was investi-
gated. It was noted that in regenerating muscle, undifferentiated
cells increase in abundance and align with the periphery of
damaged fibers. As regeneration progresses, immature myo-
genic progenitors are replaced with more mature myoblasts
(Allbrook, 1962). At later stages of repair, undifferentiated cells
begin to appear in association with the regenerated fibers
(Shafiq and Gorycki, 1965). A series of studies using tritiated
thymidine confirmed that satellite cells were mitotically dormant
in mature muscle and the source for regenerating muscle (Re-
znik, 1969; Schultz et al., 1978; Snow, 1977) and that daughters
of satellite cells contributed to both the satellite cell com-
partment and differentiated nuclei in growing muscle (Lipton
and Schultz, 1979; Moss and Leblond, 1970, 1971; Schultz,
1996). Thus with the evidence that satellite cells were capable
of asymmetric divisions and endowed with self-renewal proper-
ties, a new era was born, in which satellite cells were considered
bona fide MuSCs.
Cell transplantation was becoming more commonplace in
regenerative biology to test cellular contribution to tissue repair
and renewal of progenitor populations. The grafting of com-
mitted satellite cell progeny (myoblasts) between mice with
different isoenzyme subtypes confirmed that donor cells could
fuse with host cells or myofibers (Partridge et al., 1978; Watt
et al., 1982), providing evidence of a renewable cell source
with regenerative capacity. However, identification and isolation
of the self-renewing cells, MuSCs, remained elusive for many
years.
Eventually, immunotypic analysis identified the paired box 7
transcription factor Pax7 as a uniform marker of satellite cells
(Seale et al., 2000). In response to injury, Pax7+ satellite cells
enter cycle and differentiate and a subset returns back to quies-
cence to replenish the dormant satellite cell pool (Abou-Khalil
and Brack, 2010). A body of work during the late 1980s and early
Figure 1. Satellite Cell Functions
(A) Adult single muscle fiber showing Pax7+ satellite cells (pink) located on individual multinucleated adult muscle fibers, myonuclei stained with DAPI (blue).
(B) An example of satellite cell contribution to muscle repair with Pax7CreERTM.R26Rb-gal is shown by X-gal reaction on an adult lower limb muscle prior to and after
injury (reproduced from Shea et al., 2010). Note the many X-gal+ muscle fibers running throughout the regenerating muscle.
(C) Pax7+ cells located in satellite cell position in uninjured muscle and their contribution to both myofiber repair and repopulation in the satellite cell position after
regeneration (reproduced from Shea et al., 2010).
(D) A schematic showing the participating roles of satellite cells. Pax7-expressing satellite cells (red) reside between the plasmalemma (brown line) of the muscle
fiber and the basal lamina (black line). Amature adult muscle contains thousands of differentiated nuclei (green) and10 SCs (this number is highly dependent on
age, muscle length, and metabolic character). In response to injury, Pax7+ cells proliferate, most differentiate and fuse to regenerate myofibers (blue), whereas
a minority self renew and return back to quiescence to replenish the satellite cell pool (left). After genetic ablation of satellite cells, muscle regeneration is
prevented. During rapid hypertrophic stimuli, satellite cells fuse to add differentiated myonuclei. After genetic ablation of satellite cells, muscle hypertrophy
occurs without addition of myonuclei, suggesting that satellite cells are dispensable for protein accumulation and hypertrophy (center). During normal tissue
homeostasis, the contribution of satellite cells to maintenance of tissue or the satellite cell pool remains unknown (right).
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(MRFs), including Myod, Myf5, Mrf44, and Myogenin, genes
that coordinate developmental myogenesis (Bentzinger et al.,
2012). In their quiescent state, adult satellite cells express, along
with Pax7, the Myf5 transcript but lack Myod. During activation
and lineage progression, satellite cells turn on Myod and
Myf5 protein, followed by the marker of terminal differentiation,
Myogenin (Charge´ and Rudnicki, 2004).
Demonstration of a tractable muscle-resident cell that con-
tributed to muscle fiber repair and repopulation of the niche
was achieved through transplantation of a FACS-isolated subset
of muscle-resident cells selected via cell surface receptor
expression (such as CD31, CD45, Sca1, CXCR4+, CD31+,
Integrin b1+) (Montarras et al., 2005; Sherwood et al., 2004).
Engrafting a single myofiber with its satellite cells marked by
a nuclear Myf5lacZ reporter provided the first definitive demon-
stration that satellite cells possess stem cell activity (Collins
et al., 2005). In recent years, satellite cells have been proven to
self-renew at the single-cell level (Sacco et al., 2008) and to
retain stem cell function over seven rounds of serial transplanta-
tion and therefore function as MuSCs (Rocheteau et al., 2012).
With the advent of conditional Cre/lox systems, lineage tracing
of satellite cells has demonstrated that adult Pax7+ cells self-
renew and differentiate in their endogenous environment in
response to injury (Lepper et al., 2009; Shea et al., 2010), sug-
gesting that adult Pax7+ satellite cells are sufficient for both
MuSC pool maintenance and myofiber repair. Moreover, studiesusing inducible genetic strategies to ablate adult Pax7+ cells
have demonstrated that satellite cells are essential for muscle
repair and replenishment of the MuSC pool (Lepper et al.,
2011; McCarthy et al., 2011; Murphy et al., 2011; Sambasivan
et al., 2011). Cre/lox technology has also enabled the assess-
ment of lineage potential of satellite cells. Based on studies
with Pax7CreERTM and MyodCre, it appears that most if not all
satellite cells are restricted to the myogenic lineage, arguing in
favor of unipotency of adult satellite cells (Lepper et al., 2009;
Shea et al., 2010; Starkey et al., 2011). However, it appears
that at least a subset of satellite cells are driven out of lineage,
becoming fibrogenic in pathological conditions or during aging
(Amini-Nik et al., 2011; Brack et al., 2007).
Although the contribution of satellite cells to tissue repair is
indisputable, their role in other aspects of skeletal muscle
biology is less certain (Figure 1). During normal daily activity,
muscle fiber size and myonuclear content remain relatively
constant throughout most of adult life (Hughes and Schiaffino,
1999), and satellite cellsmay exhibit amodest decline depending
upon the specific muscle and species examined (Brack and
Rando, 2007). Are satellite cells participating to maintain muscle
fibers during homeostasis? Indelible-marked adult satellite cells
chased over 6 weeks do not appear to undergo proliferation or
contribute to muscle fibers (Lepper et al., 2009; Shea et al.,
2010). Moreover, 2 weeks after ablation of the satellite cell
pool by a genetic strategy, muscle fiber size appears unaffected
(Lepper et al., 2011). Even 6 months after depletion of satelliteCell Stem Cell 10, May 4, 2012 ª2012 Elsevier Inc. 505
Figure 2. MuSC Heterogeneity
Origins of the MuSC pool. SC precursors (Pax7CreER+) located in the myotome
begin expressing Pax7 (red) at E10.5, and most express Myf5+ and Myod+
before occupancy into the niche. During early postnatal growth (P0–P7),
a subset of alkaline phosphatase (AP+)-derived pericytes as detected with
APCre (gray) express Pax7 (red) and occupy the MuSC niche (dark red). A
subset of AP+ pericytes is capable of contributing to myofiber differentiation
(dark red myonuclei). Whether pericytes that commit to myogenic fusion
express Pax7 during their lineage progression is unknown (thick red arrows).
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and fiber size changes negligibly (Cheung et al., 2012). Together,
the data suggest that satellite cell contribution to myofiber
maintenance is minimal during homeostasis. It would be infor-
mative to determine whether ablation of the adult pool would
exacerbatemuscle atrophy in contexts of higher cellular demand
such as exercise or aging.
Adult skeletal muscle is capable of hypertrophy, and the
question as to satellite cell participation in that process has
been debated for many years. Recent studies have provided
direct evidence of hypertrophy without any satellite cell con-
tribution. Using a genetic strategy to ablate the adult Pax7+
cell pool, mice deficient in satellite cells were able to rapidly
increase muscle fiber size during a 2 week hypertrophic stimulus
(McCarthy et al., 2011). This occurred in the absence of satellite
cell-derived myonuclear accretion, suggesting that satellite cells
are dispensable for increase in muscle mass. However, it is
possible that over longer periods of time, additional differenti-
ated nuclei, and hence a maintained myonuclear domain size
in hypertrophic muscle, would be required to maintain a larger
muscle fiber (Hughes and Schiaffino, 1999). This is supported
by the fact that loss of differentiated nuclei in aged muscle fibers
precedes muscle fiber atrophy (Brack et al., 2005).
Stem Cell Characteristics
Developmental Origins
Based on anatomical position and expression of Pax7, satellite
cell precursors first appear during late fetal stage (Relaix et al.,
2004, 2005). Lineage tracing approaches demonstrated that
the majority of adult Pax7+ satellite cells are formed from a
somitic origin of cells that transition through a Pax7+/Myod+ state
(Kanisicak et al., 2009; Lepper and Fan, 2010; Schienda et al.,
2006). It is clear that the number of Pax7+ cells declines during
development and postnatal growth (Schultz, 1989; White et al.,
2010). Therefore, not all embryonic Pax7+ cells will form the
self-renewing adult pool, but instead some will primarily
contribute to the growingmyofiber. This suggests that some fetal
Pax7+/Myod+ cells differentiate and other Pax7+/Myod+ cells
form the adult satellite cell pool. Myod is considered a master
regulator of myogenesis (Weintraub et al., 1991). Based on
germline mutants, Myod is required for satellite cell differentia-
tion but not for the formation of the satellite cell pool (Charge´
et al., 2008; Rudnicki et al., 1992). In vitro experiments demon-
strate that subsets of myogenic progenitors lose Myod and
return to a quiescent state (Halevy et al., 2004; Olguin and Olwin,
2004; Yoshida et al., 1998; Zammit et al., 2004). Moreover, self-
renewing adult satellite cells transiently express Myod prior to
niche repopulation during repair (Shea et al., 2010). Therefore,
Pax7+/Myod+ precursors are able to form the satellite cell pool
providing that Myod is repressed. Based on studies with a
Myf5CreYFP reporter, it was demonstrated that the majority
(90%) of the adult satellite cell pool is formed from a Myf5+
precursor (Kuang et al., 2007). However, the formation of the
satellite cell pool in germline Myf5 nulls suggests that Myf5 is
not required for satellite cell formation; compensation by Myod
cannot be excluded (Gensch et al., 2008; Haldar et al., 2008).
While there are multiple caveats to consider when interpreting
these studies, including the contribution of non-Cre-recombined
cell populations, these results suggest that the adult satellite506 Cell Stem Cell 10, May 4, 2012 ª2012 Elsevier Inc.cell pool is formed from precursors that are under different
transcriptional control. Contribution from the extrinsic environ-
ment may also participate in differential regulation of satellite
cell precursors.
While the adult satellite cell pool is formed from Pax7+ embry-
onic precursors, this does not preclude a model whereby an
alternative source of cells express Pax7 and home to the satellite
cell niche. Using immunotypic markers (CD34+/Sca1+) in com-
bination with donor cell marking for transplantation studies, it
has been demonstrated that a subset of PICs (PW1+ Pax7
interstitial cells) self-renew and contribute to myofibers and
Pax7+ satellite cells in injured adult muscle (Mitchell et al.,
2010). Moreover, myogenic contribution of PICs was Pax7
dependent and temporally restricted to postnatal growing
muscle. Based on lineage tracking, a subset of alkaline phospha-
tase (AP)-expressing pericytes indelibly marked in postnatal
mice contributed to the formation of the adult Pax7+ satellite
cell compartment (Dellavalle et al., 2011). Therefore the origin
of the adult satellite cell pool may be heterogeneous (Figure 2).
In the future, it will be important to dissect the unique properties
and lineage relationship between pericytes and PICs that
express Pax7 relative to Pax7-derived satellite cells.
Asymmetric Cell Divisions
While asymmetric cell divisions are one of the fundamental char-
acteristics of stem cells underlying the process of self-renewal,
stem cells may undergo self-renewal by virtue of symmetric
divisions (Tajbakhsh et al., 2009). As long as only one daughter
of a symmetric cell division is instructed to differentiate, the
stem cell pool can be maintained while differentiated progeny
are produced. Historically, there were no seminal observations
that provided evidence to either support or refute asymmetric
cell divisions in the satellite cell lineage, and it was only in the
past decade that this has been the focus of studies in the
MuSC field.
The first evidence of asymmetric cell divisions came from
studies of the role of Notch signaling during satellite cell activa-
tion and proliferative amplification. It was found that the Notch
inhibitory protein Numb was asymmetrically segregated in pro-
genitors undergoing cell division and that Numb was localized
Figure 3. Nonrandom Segregation of Chromosomes and
Asymmetric Fate Determination
The satellite cell pool is composed of primitive (Pax7hi, green) and lineage
primed (Pax7lo, gray) subsets. Pax7hi cells are in a dormant (less metabolically
active) state. Pax7lo satellite cells are lineage primed. After cytokinesis,
satellite cell daughters can each inherit some chromosomes bearing newer
(purple) or older (dark green) template strands. Pax7hi subsets undergo
nonrandom segregation of chromosomes, whereby one daughter contains
exclusively chromosomes bearing older template strands, while its sister
contains only chromosomes bearing newer template strands. In contrast,
Pax7lo cells undergo random segregation of chromosomes ensuring that each
daughter cell inherits an older and newer template strand. Subsets of Pax7hi
and Pax7lo are capable of multiple rounds of self-renewal (curved arrows) and
differentiation (blue cells), but Pax7hi cells are endowed with enhanced self-
renewal capability. Daughter cells containing newer template strands express
high levels of Numb, Myod, and Dek1 and are biased to differentiate (blue cell).
Pax7hi cells can give rise to Pax7lo, but not vice versa, suggesting a hierar-
chical relationship in the satellite cell pool based on Pax7 expression. In
addition to cell fate determination, nonrandom segregation of chromosomes
may act to protect genome integrity during cell proliferation. Because of low
metabolic output of primitive satellite cells, they may be protected from
oxidative damage. Lineage-primed satellite cells are capable of self-renewal
but may be acutely sensitive to proliferative demands and other forms of
genotoxic insults.
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division (Conboy and Rando, 2002). This asymmetric Numb
localization is reminiscent of what had been previously
described in specific lineages during Drosophila development
(Petersen et al., 2002; Zhong et al., 1996). The result of such
an asymmetric segregation in the satellite cell lineage is the
inheritance of Numb by one daughter and not the other, the
former being destined to differentiate and the latter remaining
an undifferentiated progenitor (Conboy and Rando, 2002). The
asymmetric segregation of Numb was subsequently investi-
gated during satellite cell activation, and asymmetric segrega-
tion of Numb was also detected in cells prior to the onset of
differentiation (Shinin et al., 2009). Other proteins, such as
Myod (Zammit et al., 2004) and Dek (Cheung et al., 2012), are
asymmetrically segregated in activated satellite cells, and those
proteins are more highly expressed in cells that have progressed
further along the myogenic lineage.
Asymmetric cell divisions have also been suggested in relation
to the aforementioned distinction of satellite cell subsets based
on developmental history of Myf5 expression (Kuang et al.,
2007). In this model, satellite cells undergo asymmetric cell divi-
sions, giving rise to two daughters, one being another stem cell
(still with no history of Myf5 gene expression) and the other
becoming part of the larger pool of satellite cells (and expressing
the Myf5 transcript). In this case, there is no direct evidence as
yet of an asymmetric segregation of any specific protein or tran-
script in the mother cell, and the asymmetry may instead be
a divergent cell fate dictated by the different environments ofthe two daughters. This is particularly likely given the observation
that daughters exhibiting divergent fates, one self-renewing and
the other committing toward differentiation, were much more
frequent when the plane of division was perpendicular to the
axis of the myofiber (Kuang et al., 2007). By contrast, divisions
that occurred parallel to the myofiber axis were muchmore likely
to give rise to two daughters with identical characteristics as
opposed to divergent fates, suggesting that the local environ-
ment of the satellite cell niche might be dictating the fate of
satellite cell progeny.
Yet another asymmetry that has been described is the asym-
metric segregation of sister chromatids as satellite cells divide
and the population expands (Conboy et al., 2007; Shinin et al.,
2006). Recent evidence suggests that a subset of satellite cells,
in fact those with characteristics of long-term stem cells, are
more likely to exhibit nonrandom sister chromatid segregation
(Rocheteau et al., 2012). This further supports the notion that
asymmetric segregation of sister chromatidsmight be a property
of stem cells as originally proposed (Figure 3; Cairns, 1975).
Although the functional significance of this remains theoretical,
the proposed function is to segregate DNA strands that have
been damaged during replication to the more differentiated
daughter and reserve for the self-renewing stem cells those
strands that served as templates during the previous round of
cell division, thus acquiring few replication-induced errors (Char-
ville and Rando, 2011). Although this teleological function has
not been demonstrated and there may be detrimental conse-
quences of template strand segregation during aging (Charville
and Rando, 2011), it is supported by the fact that the oldest
template strands segregate with the less differentiated satellite
cell daughter (Conboy et al., 2007; Shinin et al., 2006).
Satellite Cell Heterogeneity
It is becomingmore apparent that adult stem cell populations are
heterogeneous. Heterogeneity in the adult satellite cell pool
has been demonstrated based on multiple criteria, such as
expression profile (Beauchamp et al., 2000; Rocheteau et al.,
2012), proliferation kinetics in vitro (Day et al., 2009), self-renewal
potential (Kuang et al., 2007), andmolecular regulation (Kitamoto
and Hanaoka, 2010; Kuang et al., 2007; Shea et al., 2010). Func-
tional heterogeneity within a pool of adult stem cells can arise
from differentially specified subsets that retain distinct pro-
perties during cellular division or evolution of a subset of cells
derived from a single homogeneous cell population that will
emerge during cellular division.
It is widely accepted that Pax7 expression declines in differen-
tiating progenitors (Zammit et al., 2004). Evidence for varied
Pax7 levels within the satellite cell pool was recently demon-
strated via a transgenic GFP reporter of Pax7 transcript (Roche-
teau et al., 2012). Functional analysis of satellite cells at extreme
ends of the Pax7 expression distribution demonstrated that
Pax7hi cells had reduced metabolic activity and slower cell cycle
entry kinetics, whereas Pax7lo cells were primed to differentiate
in vitro. Although cells with lower Pax7 expression appeared to
be more prone to differentiation, all Pax7+ cells could support
more than six serial transplantations, demonstrating that both
subsets of satellite cells possess remarkable regenerative
capacity and the ability to self-renew. Using an inducible Cre/
lox system, Pax7 was deleted from satellite cells in growing
postnatal muscle and adult muscle prior to injury. The resultsCell Stem Cell 10, May 4, 2012 ª2012 Elsevier Inc. 507
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during early postnatal growth and is dispensable for adult
muscle tissue repair (Lepper et al., 2009). Given that a subset
of postnatal Pax7+ cells seeds the adult Pax7+ pool, it supports
the hypothesis that there is a small subset of postnatal Pax7+
cells that evolve during the selective pressure of muscle growth
to propagate satellite cells that function independently of Pax7. It
raises the possibility that functionally distinct satellite cell
subsets can interconvert for selective advantage under condi-
tions of high cellular demand as observed in spermatogonial
stem cells (Nakagawa et al., 2007, 2010).
Adult stem cells with limited proliferative history are endowed
with greater stem cell capability than more frequently dividing
counterparts (Foudi et al., 2009; Wilson et al., 2008), suggesting
that stem cell self-renewal capacity may decline in proportion
with the number of divisions a stem cell has undergone in its
history. Interestingly, subsets of presumptive satellite cells in
growing postnatal muscle divide with slower proliferation
kinetics, based on tritiated thymidine uptake (Schultz, 1996).
These data suggest that one level of functional heterogeneity
in the satellite cell pool may exist based on their proliferative
history. In dystrophic muscle, disease progression correlates
with proliferative capacity of satellite cells, suggesting that
restricting proliferative output of stem cells relative to their
downstream progeny may extend self-renewal capacity and
ameliorate disease pathogenesis (Sacco et al., 2010). Whether
functional heterogeneity across a pool of satellite cells is stable
once specified or adaptive based on cellular demand, it is clear
that the satellite cell pool is functionally heterogeneous. The
challenge in the future is to determine how molecular heteroge-
neity at the cell-intrinsic and -extrinsic levels instructs functional
diversity within the satellite cell pool.
Regulation of Satellite Cell Function
Stem Cell Niche
The stem cell niche refers to the microenvironment that main-
tains ‘‘stemness’’ (Schofield, 1978). The attributes of the niche
as originally conceptualized were (1) a defined anatomical site,
(2) a location where stem cells could reproduce, (3) a place
where differentiation is inhibited, and (4) a space that also limits
the numbers of stem cells. Therefore, the niche is a protector
of stem cell number and function, restraining proliferation
and differentiation of stem cells, and maintaining a quiescent
phenotype.
The location of the satellite cell, i.e., residing in a depression in
the plasmalemma and beneath the basal lamina of the muscle
fiber, provided a defined anatomical site of the putative MuSC
(Mauro, 1961). The hypothesis that the muscle fiber is a satellite
cell niche is supported by evidence generated from single
muscle fiber experiments. Removal of the myofiber plasma-
lemma drives quiescent satellite cells into cycle, suggesting
a role in inhibition of mitogen-induced cell cycle entry (Bischoff,
1986a). Quiescence is a conserved property of stem cells medi-
ated by the niche (Orford and Scadden, 2008). Studies on freshly
isolated single muscle fibers have shown that a subset of quies-
cent satellite cells can proliferate and return back to quiescence
when in contact with the single muscle fiber, whereas a larger
subset commits to differentiation but their fusion is inhibited
(Bischoff, 1986a; Olguin and Olwin, 2004; Zammit et al., 2004).508 Cell Stem Cell 10, May 4, 2012 ª2012 Elsevier Inc.Therefore the muscle fiber fulfills three of Schoffield’s criteria
of a stem cell niche. Whether the muscle fiber constrains stem
cell numbers is to be determined.
In response to injury, the muscle fiber degenerates, which
probably leads to niche destruction and a loss of inhibitory
signals. Besides losing inhibitory factors that restrict proliferation
and differentiation from the degenerated niche, muscle injury
also promotes the release of stimulatory factors present at
the basal lamina of the muscle fiber that drive proliferation and
differentiation (Bischoff, 1986b; Sheehan and Allen, 1999). The
observation that microenvironment stiffness is a regulator of
stem cell potential and fate decisions suggests that maintenance
of stemness from the niche is regulated at many levels (Engler
et al., 2006; Gilbert et al., 2010). Resolving the signals that drive
self-renewal versus differentiation will require a careful charac-
terization of the basal and apical aspects of the niche (Figure 4A).
The satellite cell niche may be composed of different cell
types, as observed for other stem cell compartments (Morrison
and Spradling, 2008). Besides the muscle fiber, there are other
muscle-resident cells in close proximity to the satellite cell,
such as Ang1-expresssing endothelial cells (Abou-Khalil et al.,
2009; Christov et al., 2007). It is becoming clear that other cell
types, such as fibro-adipogenic progenitors (FAPs) and TCF4+
fibroblasts, influence satellite cell behavior in contexts of
regeneration and growth (Joe et al., 2010; Murphy et al., 2011).
It remains to be determined whether such cell types constitute
the niche and therefore regulate stemness or function as
paracrine agents involved in proliferation and differentiation of
satellite cell progeny (Figure 4A). As cell-specific Cre drivers
become more readily available, it will be possible and essential
to determine the cell types and mode of regulation that
contribute to a functional satellite cell niche.
Signaling Pathway Regulation of Satellite Cell Function
A balance between extrinsic cues and intracellular signals
converge to preserve stem cell function. Over the past 50 years,
many excellent studies have demonstrated that multiple
extrinsic signaling pathways, such as IGF, FGF, Wnt, Notch,
BMP, and TGF-b, function in the activation of satellite cells, their
downstream progeny, and their lineage progression (Kuang
et al., 2008). More recently, the signaling pathways that modu-
late functions specific to stem cells, such as maintenance of
quiescence during homeostasis, reversible quiescence and
self-renewal after proliferation, asymmetric fate decisions, and
symmetric expansion of stem cells, are becoming more defined
(Figure 4B).
It was recently shown that active Notch signaling is required to
maintain satellite cells in the quiescent state, implying a role of
niche-derived Notch ligand that binds to a Notch receptor on
the quiescent satellite cell (Bjornson et al., 2011; Mourikis
et al., 2011). In these studies, Rbp-j, the downstream transcrip-
tional coactivator in the Notch pathways, was deleted from adult
satellite cells in uninjured muscle. This led to activation and
ectopic differentiation of satellite cells, possibly in the absence
of cell cycle entry and therefore bypassing the transient ampli-
fying (TA) progenitor stage (Bjornson et al., 2011; Mourikis
et al., 2011). Therefore, not only is RBP-J important for restricting
cell cycle entry, it also argues that in nonquiescent satellite
cells, RBP-J, possibly as a mediator of Notch1 signaling, may
be required for normal step-wise lineage progression (Conboy
Figure 4. Regulation ofMuSCFunctions in Satellite
Cells
(A) The MuSC niche. The satellite cell (red) resides in
a quiescent state in contact with the plasmalemma (brown)
of the myofiber and basal lamina (black) in a milieu of
inhibitory (white arrows) and stimulatory (red arrows)
factors that retain satellite cells in a stem cell state and
inhibit their differentiation. Other cells in close proximity to
satellite cells in vivo such as TCF4+ fibroblasts, FAPs,
PICs, and pericytes may constitute components of the
MuSC niche and signal to the satellite cell and vice versa.
(B) Schematic of MuSC regulation. Satellite cells transition
from quiescence into a transient amplification stage; most
progress along a myogenic lineage to differentiate while
a subset self-renew and return back to quiescence (thick
blue arrows). Markers denoting each stage of lineage
progression are shown in black, and molecules required
for distinct satellite cell functions are shown in red.
Quiescent satellite cells express Spry1, Notch-3, and
miR-489. RBP-J and Myf5 are expressed in quiescent
and cycling satellite cells. RBP-J and miR-489 (red) are
required to retain satellite cells in quiescence. Spry1 and
Notch-3 are required in cycling satellite cells for their return
to quiescence and homeostasis of satellite cell pool after
injury. Myf5 is required for normal transient amplification of
progenitors. Myod, Myogenin, and Myosin Heavy Chain
(MyHC) are required for differentiation. Normal step-wise
lineage progression of satellite cells depends on RBP-J
(thin blue arrow), possibly through modulation of Notch-1
signaling.
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stage is bypassed has implications for understanding the rela-
tionship between self-renewal and differentiation potential of
downstream progenitors within the stem cell hierarchy.
To replenish the satellite cell pool after injury, stem cells return
back to quiescence after proliferating. Our understanding of
reversion back to quiescence in vivo is limited. Based on
in vitro experiments it is becoming apparent that multiple
signaling pathways are actively involved in promoting satellite
cell quiescence. Activation of the Ang1/Tie2 signaling complex
promotes the return to quiescence of myoblasts in vitro (Abou-
Khalil et al., 2009). P38/MAPK pathway has also been implicated
in regulating quiescence of satellite cells (Jones et al., 2005).
Finally, Myostatin, a secreted growth factor belonging to the
TFG-b family, was shown to negatively regulate quiescence
and the return to quiescence of satellite cells in vitro (McCroskery
et al., 2003; McFarlane et al., 2008). Together these data illus-
trate a critical role of growth factor signaling in the return of
cycling satellite cell progenitors back to a quiescent state.
Further in vivo analysis and genetic approaches that directly
target satellite cells will clarify the signaling cascades that regu-
late the maintenance of quiescence and return to quiescence
after proliferation.
Recently, signaling through Notch-3 was found to negatively
regulate satellite cell pool size in regenerating muscle (Kitamoto
and Hanaoka, 2010). Whether this is regulated at the cell-
autonomous level of the satellite cell or by a niche-based
mechanism will require cell-specific genetic mutants. Using a
satellite cell-specific mutant for Spry1, it was demonstrated
that Spry1, an inhibitor of growth factor signaling, is required torestore satellite cell pool size after injury (Shea et al., 2010).
This suggests that a balance between inhibitory and stimulatory
cues from themicroenvironment is required for quiescence to be
achieved. One can theorize that Spry1 and other intracellular
growth factor inhibitors help to dampen the stimulatory factors
at the basal lamina to direct fate toward quiescence and the
repression of differentiation. The challenge in the future is to
identify niche-derived inhibitory signals that promote and retain
stemness after injury.
Stem cells possess a unique ability to divide symmetrically or
asymmetrically depending on tissue requirements (Tajbakhsh
et al., 2009). Noncanonical Wnt signaling through the Wnt7A-
Frz7-Vangl2 cascade was recently implicated in driving sym-
metric expansion of satellite cells located on single muscle fibers
in vitro (Le Grand et al., 2009). It will be interesting to unravel
the relationship between asymmetric divisions via Numb and
symmetric divisions via Wnt7A-Vangl2 that occur to control
stem cell expansion and differentiation.
In general, the cellular output within a pool of cells in response
to manipulation of signaling cascades is not equivalent. Through
loss-of-function approaches, it has been demonstrated that
satellite cells differentially respond to manipulation of signaling
molecules such as Spry1 and Notch-3 (Kitamoto and Hanaoka,
2010; Shea et al., 2010). It will be important to decipher whether
heterogeneous cell signaling requirements are due to extrinsic
differences, such as localization of satellite cells in discrete
niches, or to cell-intrinsic differences, based on lineage relation-
ships.
While knowledge of the signaling cascades that regulate stem
cell properties of satellite cells is progressing, it is likely that moreCell Stem Cell 10, May 4, 2012 ª2012 Elsevier Inc. 509
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division and lineage progression, signaling molecules are used
reiteratively. For example, Numb is partitioned to initially allow
asymmetric fate of neural precursors and subsequently to
maintain progenitors (Petersen et al., 2004). Likewise, Numb
may be important for satellite cell self-renewal and also, at a
later stage of myogenic lineage progression, for regulating the
divergent fates of proliferating progenitors (Conboy and Rando,
2002; Jory et al., 2009; Shinin et al., 2006). Therefore, while
canonical Wnt, FGF, and BMP signaling cascades participate
in myogenic lineage progression and differentiation (Kuang
et al., 2008), it may be that they are also deployed in some
fashion to direct MuSC properties.
Epigenetic Regulation of Satellite Cell Function
Based on what we know about extrinsic cues controlling stem
cell function, the role of the stem cell niche cannot be underesti-
mated. However, more stable modes of regulation may also
maintain key functions of satellite cells. Control of the function
of stem cells, particularly embryonic stem cells (ESCs), has
focused on regulatory mechanisms at the level of epigenetics,
namely the ensemble of heritable changes in gene function
that occur without modifications of the primary DNA sequence
(Bird, 2007). Such changes include DNA methylation and
chromatin structural modifications mediated by histone modifi-
cations and nucleosome positioning. Not too long after the
identification of the satellite cell, electron micrographs demon-
strated that there are changes in chromatin organization in
satellite cells from adult muscle and growing muscle consistent
with their transition from a quiescent to a proliferative state
(Church, 1969). As our knowledge in the field of epigenetics
becomes more sophisticated, it is becoming appreciated that
the regulators of epigenetic states in stem cells include media-
tors of DNA methylation and demethylation, microRNAs and
other noncoding RNAs, and modifiers of histones, including
acetylases, deacetylases, methylases, and demethylases. This
field is redefining cellular states at a molecular level that are
much more varied and complex and probably reflect the
dynamic interaction of stem cells with their environment result-
ing in greater functional heterogeneity than was previously
envisioned.
It is likely that epigenetic states will better define such key
satellite cell features as prolonged quiescence and lineage
fidelity. It is also likely that DNA and histone modifications
will underlie many of the changes in aged satellite cells that
account for age-related declines in functionality and rejuvenation
through exposure to the systemic environment (Brack et al.,
2007; Conboy et al., 2005). Although there has been extensive
research on the epigenetic control of myogenesis, primarily
using the C2C12 myoblast cell line (Juan et al., 2011), studies
in satellite cells have been limited because of the need for
large numbers of cells for such analysis. Advances in both
satellite cell purification and methodologies for genome- and
epigenome-wide analyses of limited cell numbers will allow for
rapid advances in these areas in the coming years.
There have, however, been studies of regulators of epigenetic
states in satellite cells. It was shown that Pax7 functions with
the Wdr5-Ash2L-MLL2 histone methyltransferase (HMT) com-
plex to direct methylation of histone H3 lysine 4 (H3K4). Binding
of the Pax7-HMT complex resulted in H3K4 trimethylation of510 Cell Stem Cell 10, May 4, 2012 ª2012 Elsevier Inc.chromatin at the Myf5 locus (McKinnell et al., 2008), suggesting
that Pax7 may act through chromatin modifications to stably
and hereditably maintain the myogenic program. Conversely,
the regulation of Pax7 expression may be determined by the
regulation of the repressive Polycomb repressive complex 2
(PRC2) and its enzymatic component, EZH2 (Palacios et al.,
2010), suggesting a network providing stability of the myogenic
program related to Pax7 expression.
The regulation of myogenesis by microRNAs has likewise
focused mainly on developmental myogenesis and the regula-
tion of myogenic differentiation (Braun andGautel, 2011). Recent
studies have also examined the role of miRNAs in the regulation
of quiescent satellite cells. miR-206was recently shown to target
Pax3 in quiescent satellite cells, accounting for the differential
expression in Pax3 in cellular subsets (Boutet et al., 2012). This
study also revealed that alternate polyadenylation of the Pax3
transcript is an important determinant not only of satellite cell
heterogeneity but also of the susceptibility of the Pax3 transcript
to regulation by any miRNA (Boutet et al., 2012). Another micro-
RNA, miR-489, was recently shown to be highly expressed in
quiescent satellite cells and to regulate specifically the quiescent
state by targeting the transcript of theDek gene, a gene known to
be important for cell cycle regulation and alternative splicing
(Cheung et al., 2012). Knockdown of miR-489 in vivo led to
spontaneous activation of quiescent satellite cells, thus demon-
strating the importance of a stable miRNA network for maintain-
ing the quiescent state.
Conclusions and Perspectives
The last fifty years have led to a remarkable understanding of
the satellite cell. It is widely accepted that the satellite cell is
essential for regenerative myogenesis and can maintain itself
after injury. It has been demonstrated that the muscle fiber
constitutes a major functional component of the satellite cell
niche. More recently, experiments have illustrated the functional
heterogeneity within the satellite cell pool. As we move forward,
what will the next fifty years bring?
Remarkably, we do not know whether satellite cells maintain
themselves or differentiate to maintain muscle tissue during
normal daily wear and tear. This information is critical as biolo-
gists devise strategies to harness skeletal muscle strength of
the ever-expanding human aged population.
To date, direct experimental evidence is lacking to determine
whether stem cell number is limiting. If MuSCs have a finite
capacity, then a quorum will be required to functionally repair
muscle tissue and maintain homeostasis. In the context of
regenerating a tissue, such as skeletal muscle, it may be too
simplistic to consider MuSC number and function as indepen-
dent entities. Rather, there is probably a cooperative relation-
ship between MuSC number and function in response to
a regenerative insult. For example, in the presence of few
MuSCs, a greater functional demand will be imposed on those
rare cells, leading to their exhaustion. In contrast, increasing
the number of MuSCs in a muscle will lessen the burden on
each cell imposed by the regenerative insult. In scenarios of
limiting satellite cell number, other MuSCs may participate,
contributing as facultative stem cells. Other cell types such as
PICs, mesangioblasts, and pericytes are able to contribute to
muscle tissue repair (Pe´ault et al., 2007). Further analysis is
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facultative stem cells that are dependent on cellular context.
Understanding whether their contribution is dependent on the
presence of a functional pool of satellite cells may reveal further
complexities of the regulation of skeletal muscle repair. Devel-
opment of genetic tools to ablate fractions of satellite cells will
illustrate the intimate cooperative relationship between satellite
cell number and function and their interdependency with other
contributing cell types.
Technological advances in recent years have provided
greater resolution of stem cell heterogeneity. With the advent
of fluorescent reporters of proliferative history, it is now
possible to isolate and compare such heterogeneous cells to
dissect their function and molecular regulation (Foudi et al.,
2009; Tumbar et al., 2004). Marking satellite cells based on
Cre drivers has proven invaluable for tracking them and their
contribution to growth and repair (Lepper and Fan, 2010; Lep-
per et al., 2011; Shea et al., 2010). More recent advances
through the use of multicolor Cre reporters or genetic barcod-
ing utilized in other stem cell compartments have provided
improved cellular resolution that facilitates the tracking of
clonally diverse cells in a population to be studied (Lu et al.,
2011; Snippert et al., 2010). Such techniques reveal that the
level of stem cell heterogeneity is more dynamic and context
dependent than previously appreciated (Lu et al., 2011). Infor-
mation gleaned from such approaches will allow the relation-
ship between molecular and functional heterogeneity to be
resolved.
The anatomical location of the satellite cell provides a land-
mark for the satellite cell niche. Based on its conceptual frame-
work, although the niche impacts stem cell properties of the
satellite cell, the mechanism by which this is achieved remains
a mystery. In the future, functional components of the satellite
cell niche will be identified through technological advances in
live imaging, microdissection, and biochemical analysis. As
our understanding of satellite cell heterogeneity evolves, it will
be interesting to identify whether there are distinct niches that,
in some way, establish satellite cell heterogeneity. Advances in
our knowledge of cell-intrinsic mechanisms that regulate stem
cell function, such as epigenetic regulation of satellite cells,
will illustrate the communication between the extrinsic environ-
ment and intrinsic effectors to specify and maintain stem cell
states.
In conclusion, the seminal observations of the satellite cell in
its niche made by Alexander Mauro almost fifty years ago have
spawned many great advances in our understanding of this
tissue-specific stem cell. It is apparent that there is greater
heterogeneity in the satellite cell pool in terms of cellular subsets
that specify the pool, their function, and the signaling cascades
that regulate them.We are just beginning to unravel themicroen-
vironmental influences that mediate stem cell properties and
how epigenetic regulation governs stable properties of satellite
cells during homeostasis and repair.
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